Small colony variants (SCVs) of Staphylococcus aureus were generated via mutations in menD or hemB, yielding menadione and hemin auxotrophs, respectively, and studied in the rabbit endocarditis model. No differences in the 95% infectious dose occurred between strains with regard to seeding heart valves (∼10 6 cfu) or other target organs. No differences were observed between the response of the hemB mutant to oxacillin therapy and that of the parent strain in any target tissues, and significant reductions in bacterial densities were seen in all tissues (compared with untreated controls). In contrast, oxacillin therapy did not significantly reduce bacterial densities of the menD mutant in either kidney or spleen and significantly reduced densities within vegetations. These data show that SCVs are able to colonize multiple tissues in vivo and that the menD mutation provides the organism with a survival advantage during antimicrobial therapy, compared with its parent strain, in selected target tissues.
Staphylococcus aureus small colony variants (SCVs) are found in patients with persistent, antibiotic-resistant, and recurrent infections [1] [2] [3] [4] [5] [6] [7] and have been recognized as an emerging problem [8] . One of the hallmark clinical features of S. aureus SCVs is their ability to persist despite aggressive antimicrobial therapy; some clinical infections have persisted for 150 years [1] . The frequency of isolation of SCVs from human infections has been found to be as high as 40% in patients with osteomyelitis [8] , 1% in blood cultures when the sample was plated directly onto solid agar [9] , and 130% in bronchial secretions or throat swabs from patients with cystic fibrosis [5] .
Many of the clinical SCV isolates are defective in electron transport [1] [2] [3] [4] [6] [7] [8] . SCVs from clinical infections are commonly auxotrophic for menadione and hemin, which are key cofactors in the formation of menaquinone and cytochromes, respectively, and are thus important components of the electron transport chain [1] [2] [3] . The alterations in electron transport in such SCVs result in multiple phenotypic changes, including slow growth, increased MICs of several antibiotics [2, 10] , and reduced a-toxin production [1] [2] [3] [4] [6] [7] [8] . Because a-toxin production by S. aureus that enter into host cells (e.g., endothelial cells) results in host cell lysis or induction of intracellular apoptosis, the lack of a-toxin production in SCVs would allow such bacteria to persist within these anatomic niches. These events may also protect intracellular SCVs from both the host defense system and antimicrobial exposures and may represent an important nidus for recurrent infections.
In laboratory-generated SCVs, intracellular persistence has been attributed to an ability of such organisms to reside within mammalian cells without lysing them, as a result of reduced amounts of a-toxin production. However, no data directly comparing a parent and a genetically well-defined isogenic variant have been published that characterize the role of SCVs in vivo. In addition, naturally occurring clinical SCV isolates have a tendency to exhibit an unstable phenotype, which makes them unsuitable for study in relevant in vivo models. Therefore, we have generated stable SCVs via mutations in menD or hemB, yielding menadione and hemin auxotrophs, respectively, which reflect 2 of the most common auxotrophs among naturally occurring SCVs from clinical infections [1] [2] [3] [4] [5] [6] [7] [8] [9] . To study the relative infectivity and antibiotic-response profiles of the 2 parent-mutant strain sets, we used the rabbit endocarditis model, which is an acute multitarget tissue infection model. The aims of the present study were 3-fold: (1) to create parent-isogenic SCV strain sets that represent the 2 most common auxotrophies among clinical SCVs (i.e., menadione and hemin); (2) to compare in vivo the ability of the parent strains and the SCVs to infect damaged heart valves and to cause infective endocarditis and metastatic infection; and (3) to evaluate the impact of the 2 SCV genotypes on the organism's capacity to resist antimicrobial therapy in the experimental endocarditis model.
MATERIALS AND METHODS

Growth conditions.
For routine culture, Escherichia coli strains were grown in Luria-Bertani broth, and S. aureus strains were grown in trypticase soy broth in a shaking water bath with rotary agitation (at 250 rpm) for 3-8 h at 37ЊC, stopping the incubation when the medium became cloudy, which indicated that sufficient organisms were present for harvesting. Antibiotic-resistant E. coli strains were grown in medium containing ampicillin (100 mg/mL), and antibiotic-resistant S. aureus strains were grown in medium containing tetracycline (5 mg/mL) or erythromycin (5 mg/mL), as appropriate.
Plasmid and strain construction. S. aureus 8325-4 containing an antibiotic resistance cassette within the chromosomal copy of menD was constructed in several steps (table 1) . First, a 3.8-kb fragment containing the menD gene was generated by polymerase chain reaction (PCR) amplification of S. aureus RN6390 chromosomal DNA 285 bp upstream of menF and 535 bp downstream of menD, using primers flanking regions upstream of menF (5 -GAATTCGCTGTACCAACTAAAACGGG-TAC-3 ) and downstream (5 -GAATTCGGCGATTGAGACAA-TCGTTGTTG-3 ) of menD, respectively. DNA sequences containing the BamHI restriction site, added to the 5 end of each primer, are underlined. The menFD PCR product was ttail cloned into pCRII(ϩ), a vector prepared to facilitate ligation of PCR products that have overhanging 3 -thymidine residues to base pair with complementary terminal bases of the amplified DNA, generating pJM625. The BamHI fragment containing menFD from pJM625 was cloned into the BamHI site of pJM377, a derivative of pBluescript SK(ϩ) lacking the EcoRI site, generating pJM682.
The menD gene in pJM682 was disrupted by cloning the ermC into a unique EcoRI site within menD. A 1.9-kb PCR fragment containing the ermC gene was obtained by PCR amplification of pHB201 (kindly provided by Prof. B. Weisblum, University of Wisconsin, Madison), using primers containing EcoRI restriction sites on the 5 ends: 5 -TGGCTTATTGGCATCCTGGC-3 and 5 -TCGTGCGCTCTCCTGTTCC-3 . The ermC PCR product was then t-tail cloned into pCRII(ϩ), generating pJM624. A 1.9-kb EcoRI fragment containing the ermC gene was cloned from pJM624 into the unique EcoRI restriction site within menD, generating pJM664. The PstI fragment from pJM664, containing menFD::ermC, was cloned into similar sites in the temperaturesensitive shuttle vector pSPT181(ts) [14] , generating pJM678.
Plasmid DNA derived from E. coli strains was introduced into the S. aureus restriction minus strain, RN4220, by electroporation, as described elsewhere [15] , before introduction to other strains of S. aureus. S. aureus 8325-4 containing a chromosomal insertion of ermC within menD was obtained by allelic exchange, using plasmid pJM678. The conditions used for plasmid integration and cointegrate resolution were as described elsewhere [14] .
A pSPT181(ts) derivative containing the wild-type menFD sequence (pDB23) was obtained by cloning the 3.9-kb BamHI fragment from pJM625 into the BamHI site of pSPT181(ts). Plasmid pDB23 was used to restore the menD::ermC allele in S. aureus DB24 to the wild-type menD sequence by allelic exchange [14] .
The hemB mutant has been described elsewhere [11] . F11 phage transductions for the menD mutant were performed as described elsewhere [12] . The mutation in hemB was repaired by complementing hemB in trans with pCE12.
DNA isolation and Southern blot analysis. Chromosomal DNA was isolated from S. aureus strains as described elsewhere [16] . Plasmid DNA was obtained from S. aureus strains and purified with a Qiagen kit, with modifications described elsewhere [12] . Southern blot analysis was performed as described elsewhere [12] .
MICs and kill curves. The oxacillin MICs for the study strains were determined by the broth dilution technique, fol- lowing NCCLS protocols, using trypticase soy broth and final inocula of 10 5 and 10 7 cfu. To confirm the MICs, an agar dilution assay was carried out in parallel. For the parent strain, the oxacillin MICs were 0.25 and 0.5 mg/mL, respectively. For the hemB and menD mutants, MICs were 0.5 mg/mL at both inocula. There were no significant differences in MICs obtained by broth dilution or agar dilution assays (data not shown). The effects of oxacillin on the parent strains, mutants, and restored mutants, as well as a time kill curve for the menD mutant, are shown in figure 1 .
Susceptibility to thrombin-induced platelet microbicidal protein 1 (tPMP-1).
The cationic antimicrobial peptide tPMP-1 was prepared from rabbit platelets, and its bioactivity (mg/mL) was determined by our standard assay techniques, as described elsewhere [17] . To determine the in vitro tPMP-1 susceptibility phenotype for the 5 study strains, we used a previously published microtiter assay, in which tPMP-1 was tested at 2 mg/mL, at a final staphylococcal inoculum of 10 3 cfu [17] . Two independent runs were performed on separate days. As in previous studies, the breakpoint for in vitro resistance of grampositive bacteria to tPMP-1 was defined as у50% survival after 2-h peptide exposures [18] .
Experimental endocarditis model. A rabbit model of endocarditis [19] was used in these investigations. In brief, anes- Figure 1 . Activity of oxacillin against parent strains, hemB or menD mutants, and reconstituted mutant strains was examined over the course of 24 h, as described in Materials and Methods. The relative decreases in bacterial density (in cfu) are shown in A (menD mutant, parent, and restored menD mutant) and B (hemB mutant, parent, and complemented hemB mutant). C, Time-kill curve showing the absolute nos. of organisms for the menD mutant, parent, and restored menD mutant, with and without oxacillin.
thetized rabbits underwent transcarotid artery-to-left ventricle catheterization to induce sterile vegetations on the aortic valve. Endocarditis was induced by intravenous bacterial challenge 24 h later. To determine the ID 95 for all 5 of the S. aureus study strains in this model, 4 or 5 catheterized animals were challenged with a range of inocula for each construct that encompassed the ID 95 for most S. aureus strains (i.e., -cfu). Rabbits 4 6 2 ϫ 10 2 ϫ 10 were killed 48 h after challenge, and cardiac vegetations, kidneys, and spleen were aseptically removed, homogenized, and processed for quantitative culture, as described elsewhere [19] [20] [21] [22] .
For the formal antibiotic treatment study, experimental endocarditis was induced in catheterized animals by challenge with the ID 95 inoculum. Animals were randomly assigned at 48 h after induction of endocarditis to receive either no therapy (untreated controls) or oxacillin for 3 days (50 mg/kg 3 times daily intramuscularly). This oxacillin dosing strategy readily achieved serum levels well in excess of the MICs for all the strains used in the present study [19] [20] [21] [22] . Oxacillin was selected for several reasons: (1) it is highly effective in treating experimental endocarditis caused by susceptible S. aureus strains; (2) it is commonly used for the treatment of S. aureus endocarditis; and (3) like other b-lactams, it penetrates phagocytic cells poorly [23] [24] [25] , thus allowing intracellular bacterial persistence within у1 target tissue. At 24 h after the last dose of oxacillin, animals were killed, and their target tissues were processed as described above for quantitative cultures.
Statistical analysis.
Bacterial densities in target tissues from untreated controls and oxacillin-treated animals were compared using Student's t test for unpaired samples. P р was considered to be statistically significant. .05
RESULTS
The parent S. aureus strain was susceptible to tPMP-1 (mean , ). The hemB mutant was modestly survival ‫ע‬ SD 30% ‫ע‬ 7% less susceptible to tPMP-1 (mean , ), survival ‫ע‬ SD 40% ‫ע‬ 7% although the level of susceptibility was below the breakpoint for resistance [17] . Complementation of hemB resulted in a reduction of the susceptibility profile to levels near those of the parent strain (mean , ). In contrast, survival ‫ע‬ SD 27% ‫ע‬ 6% the menD mutant was highly resistant to tPMP-1 (mean , ); complementation of menD resurvival ‫ע‬ SD 71% ‫ע‬ 15% stored the susceptibility profile to levels near those of the parent strain (mean , ). survival ‫ע‬ SD 21% ‫ע‬ 4% The overall infectivity of each strain was determined by quantification of the ID 50 , ID 90 , and ID 95 . The challenge inocula for all strains used for inducing endocarditis and metastatic infection in kidneys and spleen in 50%, 90%, and 95% of rabbits were as follows: ID 50 , cfu; ID 90 , cfu; and ID 95 , 4 5 2 ϫ 10 2 ϫ 10 cfu. 6 
ϫ 10
For the untreated parent strains, as well as the hemB mutant and hemB-complemented strain, bacterial densities in vegetations, kidneys, and spleen were not significantly different (table  2) . For the menD mutant, bacterial densities in vegetations, kidneys, and spleen of untreated controls were substantially lower than those for the parent strain. Complementation of the menD mutant restored virulence; bacterial densities of this mutant were equivalent to those of the parent strain.
During oxacillin therapy, bacterial densities were significantly reduced in all target tissues of animals infected with the parent strain, the hemB mutant, and the hemB-complemented strain, compared with untreated controls (table 2) . In contrast, oxacillin therapy significantly reduced bacterial densities of the menD mutant in vegetations but not in kidneys and spleen. Reversal of the menD mutation restored the responsiveness of this strain to oxacillin therapy in the kidney and spleen to levels similar to those of the parent strain.
DISCUSSION
It is increasingly recognized that S. aureus SCVs play a role in serious human infections [1] [2] [3] [4] [5] [6] [7] [8] [9] [26] [27] [28] . They have been im-plicated as a cause of persistence, recurrence, and antibiotic resistance in lung, bone, skin, wound, and foreign body infections [1] [2] [3] [4] [5] [6] [7] [8] [9] [26] [27] [28] . Most recently, infections caused by S. aureus SCVs were found to be associated with dramatically increased (nearly 6-fold) mortality rates in critically ill patients in an intensive care unit in Brazil [29] .
We and others have shown that S. aureus SCVs can readily enter and reside in endothelial cells [5, 11, 30] . This intracellular persistence has been associated with reduced a-toxin production [4, 5, 11, 30] , which enables SCVs to reside within the endothelial cell milieu without lysing the host cells, a normal target for a-toxin [31] . Moreover, this intracellular environment protects the SCVs from antibiotic-induced killing by many conventional antistaphylococcal antibiotics (e.g., b-lactams and aminoglycosides) because of their lack of penetration into cells [2, [23] [24] [25] 32] . In addition, extracellular SCVs also are relatively resistant to several such antimicrobial agents (e.g., aminoglycosides), because an intact electron transport system that generates a threshold transmembrane potential is critical for their bacterial uptake [2, 8, 32] . Furthermore, SCVs are highly likely to escape, by 1 of at least 2 methods, being killed by host defense systems that are active at sites of endothelial damage. First, many SCVs are intrinsically resistant to killing by platelet-secreted cationic staphylocidal peptides (e.g., tPMP-1) that are induced by agonists generated at such endothelial sites [32] . Second, the reduced production of a-toxin, a potent platelet peptide secretagogue, by SCVs mitigates elaboration of such peptides [19] . Taken together, these data suggested that the in vivo relevance of the SCV phenotype could be adjudicated and quantified in the experimental model of infective endocarditis (as used in the present study), in which endothelial cells, platelets, and metastatic sites of infection play a major pathogenic role [19] .
Several interesting observations emerged from the studies cited above. First, there were no differences in the capacity of either the hemB or menD mutants to induce experimental endocarditis, in comparison with the parent and complemented strains (i.e., the ID 95 was virtually identical for all strains). Although the ability of SCVs to produce a-toxin, a known virulence factor [31] , is impaired, SCVs exhibit an enhanced expression of fibrinogen-binding and fibronectin-binding adhesins [33] . Each of these adhesins has been shown to play an important role in the pathogenesis of endocarditis [34] [35] [36] . Thus, although the mutants may grow more slowly and produce less a-toxin than the parent strains, this may be balanced by enhanced adhesion to damaged valves, which may explain why the infectivity of the mutant strains in vivo is similar to that of the parent strains.
One notable difference between the 2 SCV phenotype mutants was in achievable bacterial densities in kidneys and spleen, in comparison with the parent strain. For the hemB mutant, there were no differences in kidney or spleen densities, compared with those in animals infected with the parent strain. We postulate that this is likely related to the fact that each organ is probably replete with hemin derived from the embolic infarcts that occur during the course of experimental endocarditis in these organs, which circumvents the hemB knockout-induced defect in the cytochrome system [1-4, 8, 11, 30] . In contrast, bacterial densities achieved by the menD mutant in the same target tissues were significantly lower than those achieved by the parent strain. This probably reflects the in vivo retention of the SCV phenotype and the attendant slow growth rates of the menD mutant. Of note, reconstitution of the menD mutation restored the capacity of this altered strain to achieve bacterial densities in these target organs to levels similar to those of the parent strain. These data are consistent with clinical reports that hemin auxotrophic SCVs are most frequently isolated from relatively avascular sites (e.g., sputum and osteomyelitic bone), whereas menadione biosynthetic mutants have been recovered from a broader range of host tissues.
The response of menD and hemB mutants to oxacillin therapy in the endocarditis model further emphasized the relative differences in survival advantage between hemB and menD mutants in vivo in diverse anatomic niches. For the hemB mutant, the capacity of oxacillin to clear the organisms from all target tissues was virtually identical to that observed for the parent and complemented strains. This may, again, underscore the likely availability of hemin in these niches in experimental endocarditis, where hemorrhagic necrosis will occur within the infected emboli [37] . In addition, the relative susceptibility of the hemB mutant to tPMP-1 (compared with that of the tPMP-1-resistant menD mutant) may have contributed to the oxacillin-induced clearance of this strain from all target tissues [38] . In contrast, the presence of the menD mutation substantially reduced the ability of oxacillin to eradicate such SCVs from kidneys and spleen but not from vegetations. This disparity in tissue-specific SCV clearance is not well understood. As noted above, the resistance of the menD mutant to tPMP-1 may play a role in the reduced clearance of this construct from kidneys and spleen by oxacillin. However, this would not adequately explain the ability of oxacillin to efficiently clear such SCVs from vegetations. Most bacteria within a vegetation are trapped extracellularly within the relatively acellular platelet-fibrin matrix, whereas tissues infected by microemboli are replete with cells, which may offer an opportunity for intracellular invasion by SCVs. This may allow a larger percentage of the organisms to enter host cells, providing a protective environment. Because intracellular levels of menadione are 100-fold lower than the levels needed to reverse the SCV phenotype in menadione biosynthetic mutants [39] , this may be an additional explanation for the resistance of the menD mutant to antibiotic therapy within the spleen and kidneys, compared with vegetations.
Collectively, these data emphasize that the menD and the hemB mutants can be virulent, despite their slow growth rates and reduced a-toxin production. We have reported elsewhere that the hemB mutant can produce as much tissue damage as the parent strain in the mouse arthritis model [40] and that SCVs may contribute significantly to the lung pathology in patients with cystic fibrosis [4, 5] . Thus, although we have found that the menD mutant is able to persist in this animal model of endocarditis, several of the original paradigms about the virulence of SCVs have changed. Initially, SCV isolates were primarily found in patients with relatively mild, but persistent, infections. However, menadione and hemin auxotrophic SCVs are proving to be quite virulent, both in experimental models and in human infection.
